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ZrC  and  ZrB2 were  prepared  by  self-propagating  high-temperature  synthesis  in a Cu–Zr–B4C system.  We
explored  the  inﬂuence  of B4C  particle  size  on the  reaction  process,  phase  composition  and microstructure
of  the  products.  The  results  show  that  the  production  of  ZrC  and  ZrB2 is  mainly  controlled  by the  dissolu-
tion  of  B4C  in  Cu–Zr liquid.  Increasing  the size  of B4C  will  not  affect  the  reaction  path,  but will  retard  the
formation  of the  Cu–Zr–B–C  liquid.  This  leads  to  the  incomplete  conversion  of ZrC  and  ZrB2 once  the  B4Ceywords:
elf-propagating high-temperature
ynthesis
4C particle size
eaction process
exceeds  28  m. In addition,  ZrC  and  ZrB2 particle  sizes  greatly  decrease  from  the  micrometer  dimension
with  a polyhedral  morphology  to the  nanometer  scale  with  a nearly  spherical  shape.
©  2014  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  All  rights  reserved.roduct
. Introduction
The carbide and diboride of zirconium (ZrC and ZrB2) have excel-
ent thermal and electrical conductivity, low density as well as high
ardness and melting point. This makes them good candidates for
einforcing particles in composites, high temperature ceramics and
utting tool. To further improve their properties and expand ZrC
r ZrB2 applications, researchers have developed materials com-
ining ZrC and ZrB2 ceramics. The widely used methods involve
 reactive hot pressing process [1], reactive inﬁltration [2] and
park plasma sintering [3]. However, these technologies require
igh temperatures and complex equipment. Self-propagating high-
emperature synthesis (SHS), also known as combustion synthesis
CS), is a self-sustaining exothermic reaction of powder mixtures
gnited by external energy. The advantages of SHS include the elim-
nation of the high temperature furnace, simple devices and fast
eaction rates. Thus far, the SHS technique has produced advanced
eramics, intermetallic compounds and composites.
Recently, the combustion synthesis of TiC–TiB2-based cermets
rom the Ti–B4C system with different metal additives has been
xtensively studied [4–6]. In contrast, reports related to ZrC–ZrB2-
ased ceramal prepared by the SHS method are relatively limited.∗ Corresponding author. Tel.: +86 576 88661939; fax: +86 576 88661939.
E-mail address: hyqhappy1199@163.com (Y. Huo).
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187-0764 © 2014 The Ceramic Society of Japan and the Korean Ceramic Society. Produc
ttp://dx.doi.org/10.1016/j.jascer.2014.10.006These works include hybrid ZrC and ZrB2 particulates fabricated
with Al, Zr and B4C powders [7], and ZrC–ZrB2 composites produced
by combining mechanical alloying and SHS with Zr, B and C mix-
tures [8]. In a previous article [9], the dependence of the reaction on
Cu addition in a Cu–Zr–B4C system was analyzed. The authors found
that altering the Cu content can change the phase evolution route
by forming various Cu–Zr intermediates. The particle size of the
reactants is another important kinetic parameter that inﬂuences
the SHS reaction [10]. Therefore, this work reports the effect of B4C
size on the SHS process and the product in the Cu–Zr–B4C system
while elucidating their relationship. These preliminary results will
provide helpful guidance for the future production of ZrC–ZrB2-
based composites.
2. Experimental procedure
The raw materials were commercial powders of Cu (99% purity,
<75 m),  Zr (98% purity, <48 m)  and B4C (>98% purity) with vari-
ous particle sizes of 3.5, 14, 28 and 40 m.  Samples were prepared
with Zr and B4C at a ratio corresponding to the stoichiometry of
ZrC–2ZrB2 plus 40 wt.% Cu in the Cu–Zr–B4C system. The powders
were dry-mixed in a conventional ball-milling pot for 5 h under
argon atmosphere. The reactants were then pressed into a cylindri-
cal die (20 mm in diameter) to obtain about 65% theoretical density.
The SHS experiments were conducted in a stainless steel glove box
full of Ar as described previously [6].
Brieﬂy, the compact was placed on a 2-mm-thick graphite plate
on top of a tungsten electrode. The reaction was  ignited by the
tion and hosting by Elsevier B.V. All rights reserved.
n Ceramic Societies 3 (2015) 38–43 39
t
r
c
u
h
a
c
d
u
i
(
3
3
t
a
b

a
P
T
2
l
p
f
e
t
p
a
t
S
5
C
f
t
a
n
t
s
a
Z
it cannot be detected though the mole percentage of B4C and Cu
are 22.5 and 77.5 at.%, respectively. Similar phenomenon was also
found in the DTA products of Cu–B4C mixtures [18]. The relativeM.  Zhang et al. / Journal of Asia
ungsten arc heating, which was generated by passing a strong cur-
ent. The reaction process was measured by differential scanning
alorimeter (DSC) (Model 200 F3 Maia, Netach, Bavaria, Germany)
nder Ar. A small amount (30 mg)  of the powder mixtures was
eld in an alumina crucible and heated to a designated temper-
ture at 30 ◦C/min. After cooling to room temperature, the phase
onstituents of the SHS and DSC products were identiﬁed by X-ray
iffraction (XRD) (Model D8 Advance, Bruker, Karlsruhe, Germany)
sing Cu-K radiation source. The microstructures of the SHS spec-
mens were examined by scanning electron microscopy (SEM)
Model S-4800, Hitachi, Tokyo, Japan).
. Results and discussion
.1. Thermodynamics analysis
The adiabatic combustion temperature (Tad) is the maximum
emperature that can be attained for a given system. It is widely
dopted to determine the feasibility of a SHS reaction. The Tad can
e calculated by the following equations [11]:
H(298) +
∫ Tad
298
∑
njCP(Pj)dT +
Tad∑
298
njL(Pj) = 0 (1)
Here, H(298) is the reaction enthalpy at 298 K, CP(Pj) and L(Pj)
re the heat capacity and latent heat of the products, respectively.
j and nj refer to the products and the mole fractions, respectively.
he Tad of chemical reaction of 3.4Cu + 3Zr + B4C → 3.4Cu + ZrC  +
ZrB2 (40 wt.% Cu–Zr–B4C system) is determined to be 2620 K uti-
izing the data in Ref. [12], which meets the empirical criterion
roposed by Merzhanov [13]. Hence, the synthesis of ZrC and ZrB2
rom this system through the SHS method is theoretically viable.
As a preliminary analysis, the change in standard Gibbs free
nergy (G◦) can offer information about the possible reactions,
he reaction direction and extent, phase stability at elevated tem-
eratures. So it is an important thermodynamic parameter for
nalyzing the complex reactions during the SHS process. The poten-
ial chemical reactions that may  occur among Cu, Zr and B4C during
HS are:
Cu + Zr → Cu5Zr (2)
1
2
Cu + Zr → 1
2
CuZr2 (3)
u + Zr → CuZr (4)
51
14
Cu + Zr → 1
14
Cu51Zr14 (5)
8
3
Cu + Zr → 1
3
Cu8Zr3 (6)
10
7
Cu + Zr → 1
7
Cu10Zr7 (7)
1
3
B4C + Zr →
1
3
ZrC + 2
3
ZrB2 (8)
Using the thermodynamic data in Refs. [12,14], the values of G◦
or Eqs. (2)–(8) were calculated (Fig. 1). Clearly, all the reactions are
hermodynamically favorable (G◦ < 0) in the calculated temper-
ture ranges. By comparison, the value of G◦ for Eq. (8) is more
egative than that of others so reaction (8) is energetically favored
o proceed. Moreover, ZrC and ZrB2 are more thermodynamically
table than copper zirconium. This implies that if the CuxZry phases
re formed during the SHS process, they may  react with B4C to form
rC and ZrB2 at elevated temperatures.Fig. 1. Changes in G◦ for reactions (2)–(8).
3.2. Effect of B4C particle size on the reaction process
In general, the particle size of the reactants will affect the reac-
tion behavior, temporal sequence and SHS products [15,16]. In
40 wt.% Cu–Zr–B4C system, the molar ratios of Cu–B4C and Zr–B4C
are 3.4 and 3, respectively. To understand the effect of B4C sizes
on reaction process, DSC investigated the reaction processes for
3.4Cu–B4C and 3Zr–B4C and 40 wt.% Cu–Zr–B4C systems with dif-
ferent particle sizes of B4C, respectively.
3.2.1. Effect of B4C particle size on the reaction process of the
Cu–B4C system
The DSC curves (Fig. 2) and XRD patterns (Fig. 3) for the
3.4Cu–B4C (Cu/B4C = 3.4 in molar ratio) system with 3.5 and 40 m
B4C are similar. Only a strong endothermic peak appears at
1079 ± 3 ◦C (Fig. 2), corresponding to the melting point of Cu. The
end products are comprised of Cu and B4C (Fig. 3). Hence, there is
no reaction between Cu and B4C when the B4C size is from 3.5 to
40 m.  Aizenshtein’s research revealed that no new phases were
present at the interface between the B4C bulk and Cu–9 at.% B alloy
[17]. The diffraction peak intensity of B4C is far weaker than Cu orFig. 2. DSC curves in the 3.4Cu–B4C system with different B4C particle sizes (a)
3.5  m and (b) 40 m.
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(ig. 3. XRD patterns for DSC products of the 3.4Cu–B4C system with different B4C
article sizes (a) 3.5 m and (b) 40 m.
iffraction intensity (IP) formula of phase in the powder mixtures
s listed as follows:
P = n ·
∣∣F∣∣2 · 1 + cos2 2
sin2  cos 
· e−2M (9)
here n, F , (1 + cos2 2)/ sin2  cos ,  and e−2M are multiple factor,
tructure factor, angle factor, Bragg angle and temperature factor,
espectively. F is the scattering power of unit cell and is connected
ith the atomic characteristics and location in the unit cell. There-
ore, the weak or absent B4C peaks in the mixtures are possibly due
o its atomic characteristics and crystalline lattice.
.2.2. Effect of B4C particle size on the reaction process of the
r–B4C system
Fig. 4 illustrates the DSC curves for the 3Zr–B4C (Zr/B4C = 3 in
olar ratio) system with different sizes of B4C. When the B4C size
s 3.5 m,  a broad exothermic peak is seen at 1182 ◦C (Fig. 4a).
n accordance with the XRD data (Fig. 5a), the exothermal reac-
ion is caused by the development of ZrC and ZrB2. The formation
echanism of ZrC and ZrB2 could be ascribed to the solid-state reac-
ion between Zr and B4C powders [9]. DSC preheated the reactants
ig. 4. DSC curves in the 3Zr–B4C system with various B4C particle sizes (a) 3.5 m,
b)  14 m and (c) 28 m.Fig. 5. XRD patterns for DSC products of the 3Zr–B4C system with various B4C
particle sizes (a) 3.5 m (b) 14 m and (c) 28 m.
placed in the Al2O3 crucible during the temperature rise. This
preheating could improve the reactivity of powders and hence pro-
mote the synthesis of ZrC and ZrB2.
In general, increasing particle size will reduce the contact sur-
face between powders and restrain the formation of ZrC and ZrB2,
though the value of G◦ for Eq. (1) is negative. As B4C reaches
14 m,  the maximum peak temperature corresponding to the
Zr–B4C reaction is above 1182 ◦C because high temperature favors
the reactivity of powders, and tends to be incomplete below 1250 ◦C
(Fig. 4b). As a result, more Zr remained in the DSC products, and
the resultant ZrC and ZrB2 decreased (Fig. 5b). Further increasing
the size of B4C to 28 m results in a sluggish solid-state reaction
between Zr and B4C. This produced little ZrC and ZrB2 (Fig. 5c).
The small quantity of heat released by ZrC and ZrB2 dissipated
into the surroundings too rapidly to give an obvious exothermic
peak (Fig. 4c). Johnson et al. [19] investigated the reaction kinet-
ics between zirconium and boron carbide compact by deferential
thermal analyzer. They found that the initial reaction temperature
between Zr and B4C was at 1677 ◦C. It further offers evidence that
increasing size of B4C is unfavorable to the Zr–B4C reaction. In Fig. 5,
the B4C peaks disappeared, though B4C particles should exist in the
DSC products. The phenomenon was  observed in XRD patterns of
Zr–B4C powder mixtures as well [20]. These support our specula-
tion that the atomic characteristics and crystalline lattice of B4C
lead to the weakness or absence of B4C peaks in the mixtures.
3.2.3. Effect of B4C particle size on the reaction processes of
40 wt.% Cu–Zr–B4C system
Fig. 6 shows the DSC curves of 40 wt.% Cu–Zr–B4C system with
different sizes of B4C. For 14 m B4C, two endothermic peaks
and four exothermic ones are seen at 895, 973, 1000, 1062, 1111
and 1140 ◦C, respectively (Fig. 6a). For 28 m B4C, there are four
◦exothermic peaks at 898, 963, 998, 1138 and 1221 C, respectively
(Fig. 6b). To clarify the reaction process, the same DSC experiments
were carried out, but interrupted at different temperatures. The
XRD results for these DSC products are displayed in Fig. 7.
M.  Zhang et al. / Journal of Asian Cer
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aig. 6. DSC curves in 40 wt.% Cu–Zr–B4C system with different B4C particle sizes (a)
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For 40 wt.% Cu–Zr–B4C mixtures with 14 m B4C quenched at
95 ◦C, new phases of ˇ-Zr, Cu8Zr3, Cu10Zr7, Cu51Zr14, ZrC and ZrB2
ere detected by XRD (Fig. 7a). This suggests that the exothermic
eak at 895 ◦C originates from the development of CuxZry com-
ounds, ZrC and ZrB2. According to the calculated results in Fig. 1,
he changes in standard Gibbs free energy for Eqs. (5)–(7) are neg-
tive. Therefore, the synthesis of Cu8Zr3, Cu10Zr7 and Cu51Zr14
Fig. 7. XRD patterns for DSC products of 40 wt.% Cu–Zr–B4C mixtures with differentamic Societies 3 (2015) 38–43 41
compounds through Cu–Zr reactions is thermodynamically feasi-
ble. Furthermore, DSC analysis in the Cu–Zr system revealed that
these Cu–Zr compounds can be formed through the solid–solid
reactions between Cu and Zr powders at 897 ◦C [9]. The heat lib-
erated from the Cu–Zr reactions may  enhance the activity and
diffusion coefﬁcient of the surrounding particles. As a result, the
Zr–B4C reaction proceeded, and a few ZrC and ZrB2 were fabricated.
The above reactions all exhibit a strong exothermic peak at 895 ◦C.
For 40 wt.% Cu–Zr–B4C mixtures with 28 m B4C, the ﬁrst exother-
mic  peak seems to be the same (Fig. 6b), implying an independence
of heat-generating reactions on the B4C size.
After heating the 14-m B4C samples to 973 ◦C, a slight
exothermic peak emerges (Fig. 6a). Based on the Cu–Zr binary
phase diagram [21], the crystal melting transformation Cu8Zr3 →
Cu51Zr14 + liquid occurs at 975 ◦C, which is endothermic. The liq-
uid will provide an easier route for the movement of particles.
Then, B4C grains dissolved and diffused into the Cu–Zr melt and
reacted with Zr to form more stable ZrC and ZrB2 while releasing
heat. These comprehensive reactions resulted in a weak exothermic
peak at 973 ◦C (Fig. 6a). Thus, the content of Cu51Zr14, ZrC and ZrB2
increases in the products quenched at 973 ◦C (Fig. 7a). The phase
type for mixtures with 28 m quenched at 963 ◦C is the same. How-
ever, the diffraction peak intensity of ZrC, ZrB2 and Cu51Zr14 phases
is weaker, while that of Cu8Zr3 is stronger (Fig. 7b). Clearly, the
more Cu8Zr3 that remained in the DSC products, the less Cu8Zr3 was
transformed into Cu51Zr14 and Cu–Zr liquid, and the less Cu51Zr14,
ZrC and ZrB2 were formed.
Continuous heating will bring about the melting of Cu8Zr3
and Cu10Zr7. Then, Cu–Zr liquid was  obtained once again, which
resulted in the endothermic peak at about 1000 ◦C (Fig. 6). Subse-
quently, the Zr and B4C particles dissolved and diffused into the
Cu–Zr liquid to form a Cu–Zr–B–C melt. After the Cu–Zr–B–C liquid
 B4C particle sizes (a)14 m and (b) 28 m quenched at various temperatures.
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ecame saturated, ZrC and ZrB2 particulates were separated. The
ombination of these processes led to a broad exothermic peak at
062 ◦C (Fig. 6a). With the precipitation of ZrC and ZrB2, the atomic
atio of Cu/Zr in the melt was 51/14, and Cu51Zr14 crystallized dur-
ng cooling. Therefore, a large number of Cu51Zr14, ZrC and ZrB2
ere identiﬁed in the DSC products (Fig. 7a). The third exothermic
eak for mixtures with 28 m B4C is at 1138 ◦C (Fig. 6b), and the
iffraction peaks of the corresponding products are quite similar
Fig. 7b). This means that coarser B4C particles postpone the forma-
ion of ZrC and ZrB2. In general, the dissolution rate of a molecule
n liquid is inversely proportional to the particle radius. The coarser
s the particle size, the less is the contact surface between the
article and liquid. Hence, the dissolution rate of B4C in Cu–Zr liq-
id decreases with increasing B4C size. As a result, the formation
emperature of Cu–Zr–B–C saturated liquid and the third exother-
ic  peak are delayed to 1138 ◦C because higher temperatures can
mprove the atomic dissolution rate.
After heating the reactants to 1115 ◦C, we noted that Cu51Zr14
egan to transform into liquid as suggested by the Cu–Zr phase
iagram [21]. This further activated B4C particles. Subsequently,
 ZrC–ZrB2 forming reaction occurred to generate heat. With the
onsumption of Zr, B and C atoms in the Cu–Zr–B–C liquid, Cu
as liberated. Finally, there are only Cu, ZrC and ZrB2 in the ﬁnal
roducts. For the reactants with 14 and 28 m B4C, the fourth
xothermic peaks are at 1140 and 1121 ◦C, respectively. This may
e due to the different dissolution rates of B4C in the Cu–Zr melt as
ell.
Because of these observations, we believe that the formation
echanism of ZrC and ZrB2 is dominated by the dissolution of
4C in the Cu–Zr liquid. Increasing the B4C particle size will not
ffect the phase evolution path but will retard the formation of
he Cu–Zr–B–C liquid. As a result, ZrC and ZrB2 were prepared at
elatively higher temperatures..3. Effect of B4C particle size on SHS products
The XRD patterns indicate that the phase compositions of SHS
amples depend on the B4C particle size (Fig. 8). For B4C grains
Fig. 9. Microstructures for SHS products of 40 wt.% Cu–Zr–B4C samples with diffFig. 8. XRD patterns for SHS products of 40 wt.% Cu–Zr–B4C samples with different
particle sizes of B4C (a) 3.5 m,  (b) 14 m,  (c) 28 m and (d) 40 m.
below 14 m,  the end products only consisted of Cu, ZrC and
ZrB2 (Fig. 8a and b). When the B4C particle size reaches 28 m,
CuxZry and Zr phases are seen in addition to ZrC and ZrB2 (Fig. 8c).
With increasing B4C size (40 m),  the contents of CuxZry and
Zr in the ﬁnal products increase, while those of ZrC and ZrB2
decline (Fig. 8d). In addition, residual B4C particles were observed
in the corresponding photographs (Fig. 9c and d). Yang et al. [4]
erent particle sizes of B4C (a) 3.5 m,  (b) 14 m, (c) 28 m and (d) 40 m.
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[22] B.Y. Yang, J.P. Li, B. Zhao, Y.Z. Hu, T.Y. Wang, D.F. Sun, R.X. Li, S. Yin, Z.H. Feng,M.  Zhang et al. / Journal of Asia
ynthesized TiC and TiB2 particles from the Ni–Ti–B4C system, and
ound that the B4C size greatly affected the conversion of SHS
roducts. Munir and Anselmi-Tamburini [15] showed that the for-
ation of metastable phases is based on the rapid cooling rate
ssociated with the reactions. In accordance with DSC analysis,
ncreasing B4C size will reduce the dissolution rate of B4C in Cu–Zr
iquid. Thus, the full conversion of ZrC and ZrB2 becomes inad-
quate because of decreased amounts Cu–Zr–B–C liquid and the
apid cooling rate during SHS. However, due to the lack of exper-
mental equipments and knowledge about model, it is difﬁcult to
or us identify the maximum size of B4C particle for the complete
eaction.
Fig. 9 shows the typical fractured microstructure of SHS prod-
cts. Obviously, B4C size plays an important role in the shape and
ize of ZrC and ZrB2. When the B4C particle size is 3.5 m,  the
esultant ceramic particles are on the scale of a micrometer with
n irregular polyhedral morphology (Fig. 9a). Upon increasing the
4C size to 14 m,  ZrB2 and ZrC separately display a hexagonal
rism [22] and incomplete octahedral morphologies [23]; their
ize also moderately decreases (Fig. 9b). With further increases
n B4C particle size (e.g. 28 and 40 m),  ceramic particle sizes
educe to the nanometer scale with a nearly spherical shape (Fig. 9c
nd d). According to the XRD results of SHS products, the full
onversion of ZrC and ZrB2 cannot be achieved once the B4C par-
icle size exceeds 28 m.  The incomplete conversion will lead to
 reduction in the heat released from SHS and the combustion
emperature decreases [4]. Spontaneously, ZrC and ZrB2 particle
izes are ﬁner because the growth of grains is an exponential func-
ion of the combustion temperature [24]. On the other hand, the
ooling rate increases because the thermal conductivity of CuxZry
ntermetallic compounds and metallic Zr are higher than that of
rC and ZrB2. Consequently, the dwell time of the reactants at
levated temperature are shortened. This prevents ZrC and ZrB2
rowth.
. Conclusions
1) ZrC and ZrB2 ceramics were produced through SHS technology
from 40 wt.% Cu–Zr–B4C system.
2) ZrC and ZrB2 were mainly prepared from a Cu–Zr–B–C satu-
rated liquid. Increasing the size of the B4C particle will delay
the formation of the Cu–Zr–B–C melt.
3) The SHS products are dependent on the B4C particle size. If
the B4C particle size is larger than 28 m,  CuxZry, Zr and B4C
remain in the SHS product in addition to ZrC and ZrB2 phases.
[
[amic Societies 3 (2015) 38–43 43
This brings about a morphological transformation and a sharp
reduction in the size of the resulting ZrC and ZrB2.
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